Background: The current study was designed to evaluate potential Yoga specific changes of brain structure in comparison with an active sport group and a passive control group.
Introduction
Hatha Yoga is a method which was developed in the 15th century in India. In a holistic approach it aims at a natural balanced physical and mental state of well-being [1] . It contains physical as well as breathing, relaxation and meditative exercises. In modern society Yoga was initially associated with specific body contortions and acrobatic poses. It became not only popular due to its positive physical and psychological effects in the healthy [2] [3] [4] . It also showed preventive and therapeutic effects in patients with various common diseases, including cardiovascular diseases [5] [6] [7] , especially high blood pressure [8, 9] , neuro-psychiatric disorders [10, 11] such as ADHD [12, 13] , post-traumatic stress disorder [14, 15] , anxiety disorders [16] [17] [18] , depression [19] [20] [21] and schizophrenia [22, 23] . In particular, the significant reduction in stress [24] [25] [26] , and the positive effects on diseases that often occur in old age, such as Alzheimer's [27] and Parkinson's [28] , and where conventional medicine is still limited in cure, makes Yoga an exciting current therapeutic modality.
Structural changes in the brain may provide a neurobiological explanation. With the background of neuronal plasticity [29, 30] and the already proven brain morphological effects through systematic motor [31] , and cognitive exercises [32] , it can be expected that structural brain changes in the cMRI can be demonstrated by a multi-week Hatha Yoga practice. The structural effects of meditation have already been well investigated [33] along with other similar mind body practices like MBSR [34] [35] [36] as well as physical exercises [37] . However, the question of a specific structural effect of Yoga has hardly been explored so far. Three cross-studies of longterm Yoga practitioners compared to naïve subjects showed an increase in volume in different brain areas [38] [39] [40] . One recent longitudinal study examined older people who regularly practiced Yoga over a period of 6 months and showed an increased hippocampal volume [41] . "Om Chanting", which is used in Hatha Yoga as a "mind-sound-resonance" technique, showed an influence on the limbic system [42] . A review study includes also fMRI and EEG studies demonstrating effects of Yoga practices [43] .
In summary, one can postulate a structural effect of Yoga on brain areas that are related to learning, attention, emotional regulation and stress response [43] [44] [45] [46] [47] [48] . In particular, stress is an archaic emotional function which is described in neuronal morphological models [49] . The hippocampus is especially known for its stress vulnerability [50] . A shrinkage of the hippocampus has been shown to be associated with increased stress [51] [52] [53] [54] . As increasing stress resistance after Yoga training altered hippocampal structure, we hypothesize an influence of Yoga on stress related neuronal networks. Due to above described known association between high stress sensitivity and smaller hippocampal volume we expect an increasing hippocampal structure. In addition, physical exercise has been shown to be effective in increasing hippocampal structure [55] . Hence, an active control group was included to reveal specific Yoga effects on the Hippocampus.
Methods

Study design
In a longitudinal, controlled, non-randomized experimental study including two cohorts of in total 102 subjects were recruited from the Medical University of Saarland via local and Facebook advertisement. Mean age was 22.7 years (± SD 2.3; age range: 18-29 years) in the first cohort and 22.9 years (± SD 4.4; age rage 18-49 years in the second. In order to be able to specify a structural effect through a Hatha Yoga training and to minimize the noise caused by internal or external influences [56] [57] [58] the Yoga group was compared to an active Hatha Yoga comparable sports practice as well as to a passive control group. Concerning methodological setting, the study could not be conducted as a double blind because of the knowledge of each subject to the self-chosen group assignment. When recruiting the subjects, all groups were equally instructed in respect of the study design but without explanation of the study's hypothesis in order to prevent suggestive expectation of the subjects.
In order to check the repeatability of the results two data acquisition periods (cohorts) with the same study design were done. For a general analysis the two cohorts were comprised two one dataset.
The participants underwent either Yoga courses (n = 39; 5 males; 34 females) or sportive exercises (n = 32; 1 male; 31 females). The Yoga intervention consisted of a Yoga practice, which was carried out once a week for 75 min over a period of 10 weeks. The subjects of the Yoga group had not practiced Yoga or similar mind-body exercises for at least 6 months. The sport group conducted an anaerobic fitness-oriented stretching and strengthening training program, which was similar to the body motions contained in the Hatha-Yoga class. Yoga specific elements, however, were not included. The sport group also consisted of participants, which had not performed sports activities for at least 6 months. The passive group (n = 31; 10 males; 21 females) didn't change its daily habits. All subjects participated voluntarily, signed an informed consent document and received compensation (a copy of their brainimage) for their participation. The study was approved by the Ethics Committee of the University of Saarland. It was funded financially by the Saarland University (Committee of Research).
The longitudinal study consisted in two testing times, before and after the study period. Data acquisition comprised both MRI scans and blood pressure measurements according to the principle of Riva-Rocci [59] . Participants were included in the study if they self-reported being physically and psychologically healthy, with no history of neurological disorders, no abuse of alcohol or any other drugs including psychotropic medication. They were excluded for contra-indication for MRI scanning (i.e. metallic implants, claustrophobia) or in case of noncompliance at second measurements.
Intervention
All participants from the Yoga and the sport control group completed 10 hours of practice weekly for 10 weeks on average. The yoga course was given by the researcher formally trained in Hatha Yoga at SVYASA Yoga University. The practices included physical postures (Yogāsanas), breathing practices (Pranayama: Nadhi shouthi; cleansing techniques: Kaphalabhati), relaxation techniques and meditation with emphasis placed on bringing full awareness to the moment-tomoment experience and a non-harming attitude towards the body with a compassionate, non-judgmental mind. The Hatha Yoga program has been described extensively by SVYASA Yoga University in Bangalore [60] .
The subjects of the sport control group participated in the following exercise programs once a week during the intervention period: abdominal-leg-butt training (60 minutes), body workout (45 minutes) and/or core training (60 minutes). All three sports programs included movements with similar muscular tension and stretching exercises as well as warm-up exercises, as used in Yoga training. Breathing exercises, meditation and relaxation techniques as used in the Hatha Yoga intervention were not included. The three courses were basically the same in the set-up and the practice sessions. They were taught by official trainers employed by the University of Saarland.
The Yoga and sports courses were taught always in a consistent style using the same workflow and instructions. The composition of the exercise elements with the appropriate time intervals is shown in table 1 and 2.
Data acquisition
To measure brain changes before and after the intervention, a structural 3-Tesla cMRI scan was performed at the Neuroradiological Department of Saarland University in Homburg (Saar) two weeks before and two weeks after the intervention. High resolution, 3-dimensional data sets of the whole brain were collected with a Siemens Magnetom Skyra [61] . MRI images were initially normalized to the same stereotactic space, segmented into gray matter (GM), white matter (WM) and cerebrospinal fluid (CF) using the standard unified segmentation model in SPM8 [62, 63] smoothed with a 10 mm full width at half maximum Gaussian kernel to reduce the noise. The local distribution of GM, WM, and CF compartment were not altered by this process, nor the density values represented by the local concentration gradients.
The pre-processed GM datasets were further used for statistical analysis. A flexible factorial analysis was performed in SPM8, in order to identify those brain regions with significantly increased and decreased GM density of the whole brain following participation in the Yoga program compared to the sport and passive group. Given the hypothesis on a whole brain analysis, significance level was set at uncorrected P<0.05. Only those clusters which showed a significant group effect according to the Yoga intervention were selected for data exportation. The extracted data (inter-and intragroup comparisons) as well as blood pressure variables were further statistically processed via SPSS version 24.
Results
Both the pre-and post-data of the systolic and diastolic blood pressure detected a normal range in the three groups. After the study period the systolic blood pressure (mean: -6,6 mmHg, 
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SD: 9,46) and diastolic blood pressure (mean: -7,5 mmHg, SD: 9,64) were significantly reduced only in the Yoga group but not in the sport or passive group (p<0,05).
The VBM analysis combined with the Anatomy Toolbox revealed a significant increase in GM density in the Yoga group compared to the sport group at five locations: right hippocampus, left and right superior temporal sulcus (STS), left superior orbital gyrus and Brodman area 44 (BA44) ( Table 3) .
Comparison of GM density between the Yoga group and the sport group (Yoga < Sport) revealed three significant clusters in the VBM analysis: Cluster 1 is in accordance to the localization above the left insula. Cluster 2 indicates a maximum over the right insula and over the right inferior frontal gyrus. In cluster 3 two maxima are displayed over the inferior parietal lobe and a maximum over the left oblique gyrus ( Table 4 ).
The contrast "Yoga > Passive Controls" and "Yoga < Passive Controls" entered in SPM8 did not provide any significant clusters.
In order to prove Yoga specific effects there must be either a significant intergroup difference or a significant longitudinal intragroup difference. According, to these two conditions only a significant increase in the right hippocampal GM density as a specific effect of the Hatha Yoga intervention was found, while the density of GM in the sport group decreased significantly after the intervention. In the control group the GM density did not change significantly (Table 5 and 6, Figure 1 ).
One thing of note is the fact that the GM density of the hippocampus in the Yoga group was significantly lower than in both control groups before the intervention (Table 7, Figure  2 ). The two-peak distribution was independently and equally present in both cohorts of the winter and in the summer semester.
In order to further investigate this preexisting group difference, the question was whether the absolute density of GM, WM and CF were different at the point of premeasurement. Here the Yoga group attracted attention with a higher density of all three compartments compared to the sport group. Nevertheless, these differences between the Yoga and sport group were not significant (p> 0.05). The passive control group, on the other hand, showed the highest density of the 3 compartments, this difference was significant for both the sport group (p <0.05) and the Yoga group based on the density of white matter (p <0.05) ( Table 8) .
By comparing the total brain density of all three groups, calculated from the addition of GM density, WM and CF, a significant group difference between the Yoga and sport group to the passive controls was found again (p <0.05) ( Table 9 ). The body size analyzes of the three groups showed the Yoga subjects slightly taller compared to the sport group (body height Yoga; mean: 1.68; SD: 1.50-1.88; body height sport; mean: 1.69; SD 1.52-1.95). The passive control group, however, stood out with a mean height of 1.76 meters (body height passive control; mean: 1.76; SD: 1.58-2.0). In a linear regression analysis, a correlation between the total brain density with the height and sex of the subjects was found. Here, the total brain density was chosen as a dependent variable. For the independent variables, body height was used as the first level and gender as the second level. The size hereby explains 29.1% of the density of the GM (body size: corrected R square = 0.291, F = 42.465, p = 0.000), the gender additionally 13% (sex: corrected R square = 0.421, F = 37.669 p = 0.000). According, to Cohen (1992) this corresponds to a strong effect.
Finally, this difference in density relates only to the hippocampus, but neither to the sum of all three compartments ( Figure 3A) nor to the relation of GM to the total brain ( Figure 3B ).
Discussion
This longitudinal study demonstrates significant increases in GM density in the right hippocampus as well as a significant reduction in systolic and diastolic blood pressure following a ten-week Hatha Yoga course compared to a sport group and a passive group.
Discussing the effect on blood pressure
A positive correlation between chronic stress and high blood pressure as well as between stress reduction and reduction in blood pressure is well known [64] [65] [66] . Moreover, the effect of blood pressure reduction due to a Yoga intervention has been already described in numerous studies [8, 9, 67] , even after short intervention periods [68] [69] [70] [71] [72] . Consequently, the Yoga participants showed a significant reduction of blood pressure in both cohorts despite a normal blood pressure in both the pre-and post-measurement. The hypotensive effect of Yoga in even normotensive subject's points towards an overall regulating effect on blood pressure. This underlines the potential of Yoga in influencing the autonomic nervous system. Therefore, a relationship between Yoga-induced stress reduction over central nervous processes [45, 73, 74] can be postulated. Hence, discovering these processes invokes a very new field of brain research.
Discussing the structural effect on the hippocampus
The hippocampus has been postulated to intermediate emotional regulation [75, 76] , learning, memory consolidation [77] , spatial orientation [78] [79] [80] , and stress regulation circuits [50] . It seems also be associated with breathing rhythms [81] [82] [83] [84] [85] .
May A [86] , discussed the relationship between large scale GM alteration and microscopic tissue-related processes: Neuronal changes can be understood as "rearrangement of network homeostasis balancing the integration of neuronal activity, neurotransmitter release, neuronal (and perhaps glial) morphogenesis and changes in network formation including formation and elimination of synaptic structures". Moreover, adult neurogenesis occurs predominantly in the hippocampus [87] . Thus, our results of structural increase in Table 9 : Pairwise group comparison of absolute GM, WM and CSF density and of total brain density (GV) in the pre-measurement as well as for the ratio GM/GV; Adjusted significance in the Kruskal-Wallis test for the absolute GM pre and WM pre, Mann-Whitney U Test for GM/GV pre. Figure A demonstrates the longitudinal course of hippocampal GM density in the three groups. The pre-GM values of the Yoga group were significantly lower compared to the pre-data of both control groups. The two-peak distribution in figure B illustrates the Yoga group representing a different population compared to a uniform population of both control groups concerning the hippocampal GM density. The twopeak distribution was independently and equally present in both cohorts. Outliers were not shown in either cohorts.
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the hippocampus' GM density could be impacted by higher involvement of hippocampal functions and consecutive structural enhancement of the involved brain tissue. Future research will be needed to investigate the underlying neural mechanisms.
An effect on the hippocampus towards a larger volume or density has already been observed in various Yoga, mindbody, meditation and sports studies [38] [39] [40] [41] . Besides the hippocampus those studies marked out also other brain regions. As these studies report a more intensive or much longer period of Yoga, mind-body or meditation practice, Yoga specific changes can be concluded to be dependent on intensity and duration of the intervention. A longer and more intensive intervention would be desirable in order to be able to prove additional clusters, as they were found in other studies on this topic.
Furthermore, since the effect on the hippocampus is not only passively controlled, but also had existed amongst the sport control group, it can be assumed that the Yoga specific elements such as meditation, relaxation and breathing exercises were partly responsible for the effect and not the strengthening and stretching elements in anaerobic exercises [88] . A clear distinction between aerobic and anaerobic training was shown [89] . While aerobic moderate endurance training resulted in an increase in volume in the hippocampus, this could not be achieved with intensive anaerobic training. This may explain the lack of increasing structural effect in the active sports group.
Overall, this study doesn't provide a specific answer which element of the Hatha Yoga training has the most impact on the structural effect.
Considering the proposed particular fundamental role of the hippocampus in emotional regulation the hippocampus seems to be responsible especially for rational evaluation of situations [90, 91] . Since sober observation of the actual moment is a part of the meditative elements in Hatha Yoga, this practice may contribute to an improvement in emotional regulation and thus an increase in hippocampal density. This thesis is supported by theoretical models of yoga effects [45, 92, 93] as well as by various studies on meditation and MBSR which showed an increased hippocampal density or volume [34, [94] [95] [96] .
The hippocampus also plays a crucial role in long-term memory consolidation [97] and learning [32, 98] . Working memory has been shown several times to improve with yoga practice [45, 99, 100] . An association between regular longterm yoga practice and changes in brain structure and functions involved in working memory has been recently suggested as well [40] . By learning new skills and techniques on the one hand as well as keeping maintenance of concentration in each aspect of a Hatha Yoga lesson the structural changes can also be explained by cognitive training during the Hatha Yoga practice.
Furthermore, the balance exercises, which are an integral part of the Yoga exercises, could contribute to the effect in the hippocampus taking into account the significant role of the right hippocampus in spatial orientation [101] and the consolidation of motor sequences [102] . Several studies have shown structural increase of the hippocampus after interventions on balance [103] [104] [105] [106] .
However, it should be noted that those studies on balance have found an increase not only in the right but also in both the left and the right hippocampus [103] [104] [105] [106] . Looking at the results of the Yoga and mind-body studies, a similar inhomogeneous picture of the affected hemisphere is shown [34, 40, 41] .
Additionally, the conscious breath synchronized physical exercises (Asanas) as well as special breathing techniques (Pranayama) as a Yoga typical element which distinguishes Hatha Yoga from strengthening and stretching exercises may also contribute to the structural increase of the hippocampus in the Yoga group but not in the sport group. The hippocampus has been postulated to be directly involved in respiratory regulation and cognitive function [83] and seems therefore to be directly affected by the breathing rhythm [107] .
As Zelano et al. [81] found activation of the hippocampus only for nasal breathing, but not for mouth breathing, the focused nasal practiced breathing in Hatha Yoga here is postulated to play a role in the structural changes of the hippocampus.
Furthermore, in the Hatha Yoga intervention "Kapalabhati" breathing performs a controlled hyperventilation. The consequent hypocapnia leads to a constriction of vessels in the brain, leading to a short-term relative hypoxia. This fits very well with the results of Bousama et al. [108] who postulated in their work intermittent hypoxia as the key factor for neurogenesis modulation in the hippocampus. They hypothesized that activation of neurogenesis is a reaction to hypoxia-induced neuronal loss, thereby contributing relative hypoxia as a neuroprotective mechanism [109] [110] [111] .
Especially the ventral part of the hippocampus, which was changed in the current study, was found to be a part of the limbic network that contributes to modulating the activities of respiratory-related cells in the ventrolateral medulla, postulating the hippocampus as a limbic breathing control sites [84] .
Practicing regular long lasting in-and expirations is an ongoing part of every Yoga lesson. The effect of augmented breaths [112] as well as effects of Yoga breathing practices [68] has shown to be associated with changes in blood pressure and heart rate. Breath frequency and indurance are found to be strongly influenced by negative and positive emotions [110, 113] . Therefore, it is tempting to speculate that the breathing element in Hatha Yoga practice represents an important role for the effect on the hippocampus by influencing circuits between neurons of the ventral hippocampus and brainstem nuclei [112] .
Furthermore, a smaller volume of the hippocampus has been postulated by various studies to be associated with increased stress [51] [52] [53] [54] . Stress reduction in contrast was shown to be associated with an increase in the density of the hippocampal GM [34] as well as with an increase in BDNF
levels, a neurotrophic factor [114] which is predominantly produced by the hippocampus. Therefore, BDNF may contribute to structural regeneration due its neuroprotective effects [115] . An increase of neurotrophic factors, including BDNF, through Yoga practice has been already described [116, 117] . As Hatha Yoga training can't be described as an aerobic physical exercise, which has been shown to increases BDNF levels [118, 119] , Yoga specific elements like breathing patterns, relaxation and mental training are suspected to play a crucial role in modulating neuroprotective factors and to be responsible for the structural effect in the hippocampus. Furthermore, the increase in density of hippocampal GM in the present study may be considered as a structural correlate of both neuroprotective and stress-reducing effects through Yoga.
Clinical contribution
Various neurodegenerative diseases, such as Alzheimer's disease [120] and neuropsychiatric diseases, such as depression [121, 122] , anxiety disorder [123] , post-traumatic stress disorder [124] and schizophrenia [125] lead to structural shrinkage of the hippocampus. In this context, several studies have pointed the positive impact of Hatha Yoga on symptoms in neurological disorders [13, [126] [127] [128] [129] ].
An increase in hippocampal density and volume has been reported in patients after drug therapy [130] , psychotherapeutic [131] or other therapeutic interventions [132] . The morphological changes reported in the current may provide a structural explanation for the positive influence of Yoga on the mentioned disorders [38] . Moreover, postulating the hippocampal structural changes by the overall stress reducing effect of the Yoga training it can be assumed that Yoga is able to bring enhancements in various stress related diseases.
Group differences of hippocampal GM density
We found significantly lower pre-existing hippocampal GM density in the Yoga group compared to both control groups. This finding was shown equally and independently twice in the two cohorts, although this was not part of our initial hypothesis. This difference in low density at the beginning of the interventions related to the hippocampus not to the entire brain.
Further clarification of this finding showed an even slightly higher density of all three compartments in the Yoga group compared to the sport group. Furthermore, the passive group showed a significant higher total brain density compared to the Yoga and sport group. This constellation of total brain matter can be explained by a strong correlation between the total brain density with the body height and sex of the subjects. Considering the findings of many other studies, this result is not surprising [133, 134] .
However, the gender related difference does not apply to the baseline values of the hippocampus. The passive group and the sport group ranged in the same value of GM density in the hippocampus. Thus, the significant lower baseline values in right hippocampal density in only the Yoga group can't be explained by the gender differences. The same applies to body height.
Sociodemographic data homogeneity existed in all three groups in terms of age, profession, state of health and day to day student life. Therefore, there must be another common distinguishing feature between the individuals of the Yoga group and the control groups.
Kanai and Rees [135] , postulate in their study that certain characteristics such as cognition, intelligence, behavior, learning ability or personality traits can be predicted via the local structure of the GM and WM. Moreover, a recent fMRI study provided multivariate pattern of stressor-evoked brain activity as a phenotype that may be responsible for individual differences in blood pressure reactivity [136] .
In particular, the hippocampus has been shown to be highly susceptible to stress [137] . Grigoryan and Segal [138] could show that a prenatal small hippocampus volume was predictive of the personal stress tendency. Another monozygotic twin study proposed a reduced hippocampal volume to be a predisposing factor for the development of PTSD following a trauma [139] .
Finally, which internal or external influences ultimately led to the decision of belonging to a group can only be treated hypothetically at this point. One possible explanation is that subjects who opted for Yoga intervention were more sensitive and vulnerable to stress factors and therefore chose Yoga intervention as a relaxation-promising method of intervention.
Further studies on this topic should therefore focus on randomization to rule out group bias. Also, the current study investigated mostly medical students with a mean age of 22 years. Mostly females attended the intervention groups. Generalization should therefore be limited to this population of individuals. Future studies will be required to test whether findings extend to other group populations in terms of age, profession and gender. The present study employed a large sample size, still replications and larger studies are necessary.
Limitations
• The assignment to the three different groups was not randomized due to the self-chosen assignment. However, individual constants (e.g. age, gender, body height, profession) didn't play a significant role in the paired testing performed in the longitudinal design. Thus, only the relative differences were analyzed.
• In contrast, interpretation of the cohort analysis concerned the absolute pre-data. The repeatability of the results in the cohort pre-data analysis speaks for a tangible finding. However, the study method was not accurate for this incident finding. Consequently, the results related to the pre-data must be carefully considered and interpreted. In the current study the significant lower baseline values in right hippocampal density in only the Yoga group can't be explained by gender or body height differences. Still, a repeat of the study should be carried out with attention to homogenous groups.
• Although the consecutive blood pressure measurements
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in one subject always took place at the same day time and under the same conditions, assessing blood pressure were only done a total of two times and, thus, may not be representative in giving the variation in blood pressure value throughout the day. Hence, only relative differences were regarded. 
